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The study aims were to establish whether different cul-
tivars of Zea mays L. exhibited differences in the ratio of
the effective quantum yield of PSII photochemistry to
net CO2 assimilation (φPSII:φCO2 quotient) under low
temperatures. Relationships between the optimum
quantum yield of PSII (φPSII), the efficiency of excitation
energy transfer to open PSII reaction centres (Fv’/Fm’)
and photochemical quenching (qp) were also examined
to evaluate whether it is the efficiency of excitation
energy transfer to open PSII reaction centres (Fv’/Fm’) or
the oxidation state of QA (qp) that determines changes in
φPSII in the leaves of these cultivars. Six different Zea
mays L. cultivars were grown in two controlled environ-
ment chambers set at 25°C/22°C and 17°C/14°C
(day/night). Simultaneous measurements of φPSII and
φCO2 on intact leaves of the maize cultivars grown at the
different temperatures indicated that there are sinks for
electrons other than CO2 assimilation at low tempera-
tures. This was supported by regression analyses,
which demonstrated that the efficiency of energy cap-
ture by open PSII reaction centres (Fv’/Fm’) was more
highly correlated with φPSII than photochemical
quenching (qp). It is concluded that changes in the rate
of quenching of excitation energy in the PSII antennae
(Fv’/Fm’) by thermal deactivation, rather than the oxida-
tion state of QA (qp) is the dominant factor in determin-
ing φPSII and consequently φCO2.
Application of modulated fluorescence techniques has
shown that easily measured fluorescence parameters can
be used to predict the quantum efficiency of PSII photo-
chemistry (φPSII) in leaves at steady state photosynthesis,
and that under specific conditions, φPSII is directly related to
the rate of CO2 assimilation (Genty et al. 1989, Edwards and
Baker 1993, Andrews et al. 1995). The quantum yield of PSII
electron transport depends on the efficiency with which an
absorbed photon can reach a reaction centre to perform
photochemistry (Fv’/Fm’) and the proportion of reaction cen-
tres which are capable of stably transferring an electron to
an acceptor at that point in time, i.e. photochemically ‘open’
reaction centres (qp) (Genty et al. 1989).
Low temperatures appear to increase the φPSII:φCO2
quotient in maize, and this has been taken as an indication
that a decreasing proportion of electron equivalents derived
from charge separation at PSII are being used for CO2
assimilation, with the implication that an alternative sink for
electrons is operating (Andrews 1995, Nogués and Baker
2000).
The aim of this study was to establish whether different
cultivars of Zea mays L. exhibit differences in the
φPSII:φCO2 quotient when grown at low temperature in con-
trolled environment chambers. Since the φPSII is the prod-
uct of Fv’/Fm’ and qp, the relationships between the fluores-
cence parameters Fv’/Fm’ and qp and PSII were also exam-
ined to evaluate whether it is the efficiency of excitation
energy transfer to open PSII reaction centres (Fv’/Fm’) or the
oxidation state of QA (qp) that determines change in φPSII in
the leaves of these cultivars.
Materials and Methods
Plant material
Imbibed seeds of six different Zea mays L. cultivars (ZD146,
FANION, FR2, 3902, XO802X and XO852N) were sown into
120 pots (20 pots per cultivar) containing a medium of com-
post (F2, Fisons, Ipswich, England) and horticulture perlite
(1:1). All pots were placed in a controlled environment cham-
ber set at 25°C/22°C (16h day/8h night) to allow seeds to
germinate. Two days after germination, the seedlings in
each pot were thinned to one per pot. Ten randomly select-
ed pots of each cultivar were then transferred to another
growth chamber set at 17°C/14°C. Seedlings in the remain-
ing pots were kept at 25°C/22°C. In both growth chambers,
seedlings were grown for a further 14 days at a photosyn-
thetic active photon flux density (PPFD) of 250–280µmol m–2
s–1 and irrigated daily with half strength Hoagland nutrient
solution.
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Measurements of chlorophyll fluorescence and CO2
assimilation
Measurements were performed on intact second leaves of
three potted plants randomly selected from each of the six
cultivar populations in each chamber. The leaves were
placed in a ventilated leaf section chamber (PP systems,
Hitchin, UK) through which ambient air with a CO2 concen-
tration of 350–380ppm was passed. Actinic light of six differ-
ent photon flux densities (PFD), namely 80, 250, 500, 750,
1 000 and 1 500µmol m–2 s–1, was supplied to the adaxial
leaf surface through a light fibre located directly above the
leaf. The quantum efficiencies of PSII photochemistry
(φPSII) and CO2 assimilation (φCO2) were determined simul-
taneously at 25°C at the six different PFDs as previously
described (Genty et al. 1989, Andrews 1995).
Measurements of net CO2 assimilation were made with an
infrared gas analyser (IRGA) (Series 225-MK3, ADC), which
was pre-calibrated against a standard gas of 330ppm CO2.
Measurements of chlorophyll fluorescence from the adaxial
leaf surface were made with a pulse amplitude modulated
fluorometer (PAM 101, H Walz, Effeltrich, Germany). All
leaves were dark-adapted for 15min before exposure to a
weak modulated measuring beam (<0.1φmol m–2 s–1), which
avoided the induction of any significant fluorescence. The
minimum (Fo), and maximum (Fm) fluorescence yields, (i.e.,
when all PSII traps are open and closed respectively),
(Genty et al. 1989), were measured in the leaves immedi-
ately preceding and following a 1sec saturating light pulse of
10 000µmol m–2 s–1 PFD. The optimal quantum yield of PSII
(Fv’/Fm’) was calculated as (Fm – Fo / Fm).
The effective quantum yield of PSII (φPSII) was deter-
mined by monitoring the fluorescence at actinic PFDs (Fs)
of 80, 250, 500, 750, 1 000 and 1 500µmol m–2 s–1 until
steady state photosynthesis was achieved. The leaves
were then exposed to a second saturating light pulse of
10 000µmol m–2 s–1 PFD and the maximal steady state flu-
orescence level (Fm’) measured. The actinic light was then
immediately replaced by a far-red (710nm) light of 12µmol
m–2 s–1 PFD to estimate the fluorescence yield when all PSII
traps are open under the conditions of non-photochemical
quenching (Andrews 1995). The φPSII at a given PPFD, was
calculated as (Fm’ – Fs) / Fm’, and the coefficient of photo-
chemical quenching (qp) as (Fm’ – Fs) / (Fm’ – Fo’) (Genty et
al. 1989). The apparent quantum yield of CO2 assimilation
φCO2 (AQE) was determined by dividing the rate of CO2
assimilation by the rate at which quanta were absorbed by
the leaf. A Taylor integrating sphere determined the PFD
absorptivity of the leaf (Rackham and Wilson 1968).
Statistical analyses
Ratios of φPSII:φCO2, Fv’/Fm’:φPSII and qp:φPSII for each the
six cultivars grown at each temperature were determined
from the slopes of least squares regressions. A student’s t-
test tested the individual regression slopes and the differ-
ences between population slopes at the different tempera-
tures for statistical significance in each cultivar.
Results and Discussion
The regression slopes and their coefficients of φPSII vs
φCO2, Fv’/Fm’ vs φPSII and qp vs PSII (Figure 1) of all the cul-
tivars are presented in Tables 1, 2 and 3. These results
demonstrated significant (P ≤ 0.001) linear relationships
between φPSII and φCO2 in maize cultivar leaves grown at
17°C/14°C and 25°C/22°C (Table 1) with quotients ranging
from 9 to above 12 which is consistent with other observa-
tions (Edwards and Baker 1993). Almost all cultivars, except
XO852N exhibited slightly higher φPSII:φCO2 quotients
(Table 1) when grown at 17°C than at 25°C, though these
were not statistically significant at P ≤ 0.05 (Table 1). These
small differences in slope suggest that when leaves are
stressed by low temperatures carbon metabolism is reduced
and excess electrons may be consumed by an alternative
sink (Andrews et al. 1995, Massacci et al. 1995). The nature
of this alternative electron acceptor remains a subject of
debate. It has been argued that this electron sink is not pho-
torespiration (Andrews 1995), nor nitrogen assimilation,
since these energy sinks derived from photochemistry are
small in comparison to those of CO2 assimilation in maize
leaves (Genty et al. 1989, Edwards and Baker 1993).
Pseudocyclic electron flow to oxygen or the Mehler reaction
has been suggested as a potential candidate for the addi-
tional electron sinks in maize at low temperatures (Andrews
et al. 1995, Massacci et al. 1995).
φPSII is the product of Fv’/Fm’ and qp (Genty et al. 1989),
and therefore an analysis of the changes in Fv’/Fm’ and qp
can be useful when attempting to elucidate the factors deter-
mining changes in φPSII (Andrews et al. 1995). The slopes
of the regressions of Fv’/Fm’ vs φPSII appeared to be more or
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Figure 1: Regressions of φPSII vs φCO2 (z; {), Fv’/Fm’ vs φPSII (;
) and qp vs φPSII (S; U) for Zea mays cultivar 3902 grown at
25°C (bold symbols) and 17°C (open symbols) in laboratory-con-
trolled environments
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less the same when cultivars were grown at 17°C or 25°C (P
> 0.05) (Table 2), but the r2 values were generally of greater
magnitude than those between qp and φPSII (Table 3) in
most cultivars. Thus, the relationship between Fv’/Fm’ and
φPSII seems highly conserved and regulates φPSII in the
presence of fluctuating qp, which is consistent with results
obtained by Andrews et al. (1995) and Nogués and Baker
(2000). Also, these results indicated that it is changes in the
rate of quenching of excitation energy in the PSII antennae
(Fv’/Fm’) by thermal deactivation (Demmig-Adams and
Adams 1994, Fryer et al. 1995, Horton et al. 1996), rather
than the oxidation state of QA, which is the dominant factor
in determining the φPSII and consequently φCO2.
It is concluded that when maize plants are grown at low
temperatures, they generally exhibit a slightly higher
φPSII:φCO2 quotient. The higher quotient of φPSII:φCO2 at
lower growth temperature may be due to the operation of an
alternative electron sink, other than CO2 assimilation
(Andrews et al. 1995, Massacci et al. 1995), e.g. reduction
of O2, leading to the formation of oxygen free radicals.
Alternatively, the higher φPSII:φCO2 quotient observed at
low growth temperatures may be due to lower activity of
Calvin cycle enzymes functioning below their optimal tem-
peratures (Stamp 1987).
Table 1: Least squares regressions of φPSII vs φCO
2
for Zea mays cultivars 3902, FR2, FANION, XO802X, ZD146 and XO802N grown at
25°C and 17°C in laboratory-controlled environments
Cultivar Experimental treatments Slope comparison
25°C/22°C 17°C/14°C 25°C/22°C vs
17°C/14°C
r2 Slope t-statistic t1,18 r2 Slope t-statistic t1,18 t-statistic
FR2 0.744 9.01 4.6*** 0.926 10.45 14.2*** –1.11
FANION 0.639 9.17 5.3*** 0.611 10.85 5.0*** –1.32
3902 0.949 10.13 17.2*** 0.924 11.16 14.0*** –0.69
XO802X 0.929 10.23 14.4*** 0.956 10.69 18.6*** –0.36
ZD146 0.853 11.08 9.7*** 0.804 12.46 8.1*** 1.74
XO852N 0.961 12.86 19.9*** 0.846 12.04 9.4*** –0.22
* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001
Table 2: Least squares regressions of Fv’/Fm’ vs φPSII for Zea mays cultivars 3902, FR2, FANION, XO802X, ZD146 and XO802N grown at
25°C and 17°C in laboratory-controlled environments
Cultivar Experimental treatments Slope comparison
25°C/22°C 17°C/14°C 25°C/22°C vs
17°C/14°C
r2 Slope t-statistic t1,18 r2 Slope t-statistic t1,18 t-statistic
FR2 0.980 0.905 27.8*** 0.980 1.028 27.7*** –0.35
FANION 0.958 0.725 19.2*** 0.987 1.012 35.0*** –1.47
3902 0.956 0.821 19.2*** 0.943 0.838 16.3*** –1.93
XO802X 0.931 0.910 11.6*** 0.985 0.848 25.4*** –0.32
ZD146 0.966 0.849 21.2*** 0.982 0.856 23.7*** –0.90
XO852N 0.934 0.839 11.9*** 0.966 0.904 21.3*** –0.88
* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001
Cultivar Experimental treatments Slope comparison
25°C/22°C 17°C/14°C 25°C/22°C vs
17°C/14°C
r2 Slope t-statistic t1,18 r2 Slope t-statistic t1,18 t-statistic
FR2 0.838 0.616 9.1*** 0.662 0.528 5.6*** 0.74
FANION 0.901 1.031 12.0*** 0.927 0.687 14.3*** 1.98*
3902 0.964 1.036 20.7*** 0.849 0.889 9.4*** 1.43
XO802X 0.702 0.766 4.9*** 0.954 0.945 14.3*** –0.01
ZD146 0.949 1.075 17.3*** 0.834 0.707 7.1*** 3.10**
XO852N 0.942 1.058 12.8*** 0.645 1.112 5.4*** –0.34
* P ≤ 0.05, ** P ≤ 0.01, ***,P ≤ 0.001
Table 3: Least squares regressions of qp vs φPSII for Zea mays cultivars 3902, FR2, FANION, XO802X, ZD146 and XO802N grown at 25°C
and 17°C in laboratory-controlled environments
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